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Upper and Lower Bound Solutions for Pile-Soil-Tunnel Interaction
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SYNOPSIS : In urban areas, new tunnel construction work is often taking place adjacent to existing
piled foundations. In this case, careful assessment for the pile-soil-tunnel interaction is required.
However, research on this topic has not been much reported, and currently only limited information
is available. In this study, the complex pile-soil-tunnel interaction is investigated using the upper
and lower bound methods based on kinematically possible failure mechanism and statically
admissible stress field respectively. It is believed that the limit theorem is useful in understanding
the complicated interaction behaviour mechanism and applicable to the pile-soil~-tunnel interaction
problem. The results are compared with numerical analysis. The material deformation patterns and
strain data from the FE output are shown to compare well with the equivalent physical model tests.
Admissible stress fields and the failure mechanisms are presented and used to develop upper and
lower bound solutions to assess minimum support pressures within the tunnel.

Key words : Upper and lower bound methods, pile-soil-tunnel interaction, FEA, model test, tunnel
pressure

1. M &8

o2 uk-ede] s AT did AL A HIL vl Q2 Fopoln, oleh B¥HE AT
7t A7 w1 &g AAelth B AFe AHAE A A &Fo] IJFHE 7IE FYd JHEA
HYS 54 o A7e A3AF € HY goldo AE3te Hao 4¥HE Hdodsted 1 53Xl
th2y 1 #&=2).

Chen 5(1999)& o] @AAEAZ 7188 dHoA HE 2702 A3 4d9 $3 d 3759
& 29A A= (two-stage approach)& AA R o, B FFHoZ QA3 U9 AFL (a) HYEY
2} A (tunnel geometry), (b) A ¥r&EA &E(ground loss ratio), (¢c) A18Fe] ZFE(soil strength), (d) Y]
2] 7 (pile diameter), (e) Y ZHole} Eld I & zlo]9] H|(ratio of pile length to tunnel cover depth)el
JE¥e Bustglth £ Chen 5(1999)& HE Avho] tista HY 2402 A% 4 AL 45
e A4 XX AAEY AT, 258 B o A8e dY AT A3 AdlAE AN
Aol Abgol v e Fxadrh | |

Mroueh®} Shahrour (2002) F#849YS ol&3td Fd-Hd AT 344 ;A S FPs%th 1
E2 Fdo] Hdo m¢ A AR AL, HE 2oz Qf el Ay W FHe F
7h7F doljd  UeS Bt 53], B Ao A R §¥ Hsle MR st HER



o&3e st on, Ao ARy Hd AW E(nvert) B2 ol AR s AS, SH Wit
aA /8 548 Ry .

2 d7e AHEE Ante gzl X< 33 vzt Eel A dAMY I AHA $HRE 45
T AN E o] &3ty Fd-AR-HE FEAFTES st s A¥ A+Z3, CRISP =2
I8S o] g3 fFIQAaHoREE A2 A4te] WY e (deformation pattern)®t & E(soil strain

data)2 A}# A% 7] & (photogrammetric technique)-g ©]-&3% AW 23 A ¥ (laboratory model test)®
AFsAl Yebdh wElA o3l gt Al B AFANA AL ARke] ¥ do]H(strain data)E <

2 A4 814 ¥ (analytical upper bound solution)® #&@H 33 o7} F (failure mechanism)< Al <3}
A

N

i 23 udF(major principle stress directions)g X&3= 33 A (stress field)= A

(analytical lower bound solution)S 31 A<tz 3tk Atd A - &4 AP gd-A-gd
o] A5 AE A, & Hd Ad¥d HAAFF(working load)o]l HFHE 7|€ Hdd] AH3}o BHYE 2%

Al s BHE 8lAe HA ¢ (minimum tunnel lining wall pressure)S H7}8t=d &3 7o)t}

Simplified pile-soil-tunnel interaction situation
(2D problem)
W
Real pile-soil-tunnel interaction situation
(3D problem)
B
Jond
p "":,:1 "":,3" A line of Joaded piles
t ““““ :.‘ (existing pile) -
ey
(L
i I N 3
l 1 ) l =
A [j:?"
- "I:’r .,./ = 7. 1 pite tip tevel
- pile tip level T
- Excavation direction = ' ' ? Pile-Soil-Tunnel
: s e *‘ \' l Iateraction Behaviour
- New tunnel construction l 2
—-t—{ 7P —n, gl
\ . ’ i Po: Tunnel lining wall pressure
New Tunnel I P,: Pile working load
(construction) i 1ds do Tunnel diameter
]

a9 L 71E B9 Q9 B9 2H
2. HEHHSE NUALAT [AHIIE

A A AAEE B A AYRVAYS 2RO Sopd BAAE E 1% 2ok 4 - 5

3l A1 ¥ (upper and lower bound solution)] 4= “Associated plastic flow rule”& 7143 A g, & ¢'=y.
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E 1 71EAY] A5 244

%}é 7“] (D'(o) 111(°) SW(O) Yrod(kN/mi)
Shear box test 22~31 6~15 13 20

&3k 26 26 13 20
A.aA AAEe AAs] AdAE duAgEe AR Jxed FAAUFE AR

il
Aol TRt Za5ith(Lee, 2004). U] AT

27 69 F40lM 97 2 £4497 22 1D
(HQ AE) B3 Doix Feol wald £AHY 2 AUEIAGAN Qe A ARAWAYE

(maximum shear strain) &3 M2 ¥lwsleo o}4s}
a2y 2@t ANEIEE ZAA(aE 2007
X(isotropic zone) ¥ FEXHEQA Cop(ZdrH IS
Aste RIHIIIEES 28 2009 2ol AAE F Atk 2F 20)A BE bl o] FHAY X&E F4
FUYE(ET TUSFSH) Y 4] A4 =4& NEa A AU WY AE(displacement vector)
g UHEAIE TR 928n @ 4 Qi A+29 e fAE HHo AvEygER FEANY XE X
gate FANNIES Y AGFY HA7F & F oA E JErEtHLee, 2004).

S9ugEe setatna A SN 2
$ AR Aoz ugith mad FEXY
), Ce(BRARHANZ)E EHelE e of

ORI o

Simplified A+2 shear
Sfailure mechanism with
an isatropic zone X (small
or no strain zone)
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3. slAli A H(lower bound)

fru
Mo
n
)
ir
ole

StASAAHE L E 23S (high yield stress)odlA & 3E-$H(low yield stress).o
2 B2 (stress discontinuity)€ 7}22 8 338 (equilibrium)& WHE3tE sdd 2348 F1 Ut

a8 3a)e F Mo 2ol L= A (Mohr circle of stress)o] ¢=26°Y w] FEAed A AL Yebd
o)t}
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~
A _1=° o 5 = . .
LM EQESEFA A6=15(F8Y WwF WAsA) (a) F MY Rol &L D) A
Aol mop g

Ed&HA JE 8L FFH C = C 9 o EAEH EHH w3l +a9} - 17
3(a)¢t Z°] FH(pole = origin of plane) OPadl 98] 281 d 4 ot 29 3(a)dA BKo] nHH
T8 W3 WHstzlo] AB=065-0,=15¢S ¢ F AUt FEH CAAM9 $HL “mobilised angle of
friction(p’)” JElE YelUH, ojd p'= ¢ Boh g A JEIG S & F Utk oM Ro $HEYe
2 ddHE MR $8% 5L gy 2o
(@ B2 FaFALH S s F2 FIFASAW)SZE W3 doh
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(b) =

F 2o Agatt

Mol gl A0 A% 28 WPoRY $HY BAL WP (discontinuity field) e HHAL = 3l

_Zr_

ok 99 o3} F g2 o
(a) p'3tL otae] 4 (1o 9&) ZA oA}

sinp’ =sin$cos AO 1

() 59 W] 12 A& wge geel 4 @9 @l da AAHANAY,

© piign = (45" +5)+-52 )
eA(high)=(45° +%)_‘% (3)

A71M, 0 ge BALUIN 54 A% F&o] gt Wio] A2 o]FE e )

(c) S 8H|(stress ratio)® oS 4 (HZHE AL = Ao

S’ B _ exp 2A6tan ¢’ (4)
S 4

A RS mob S8 1Y 3(b)sk 2ol Uehd = gtk Wl A FEHE C,, Gy Gy CeolH, 37 &
F $F4 N, ¥& Rob $8 H, W& %o} 389 Lojth £% as B BASUE wolZTh Ro} $9
GEd BAsus 338 WPS EU2 a9 49 2o HY L Hdel UE F3Y ¥ 2 ¥

[

Tunnel Area

@) )

39 4 2949 g B (@) HYY B9 (b) HYY A

- 81 -



A2 449 A9 2L g dig 2o &8 (stress field)S 198 59 2o},

(a)
- 79
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Matched o', directions
between pile and tunnel

a9 6. FY-F-HES A8 SHAZ H A (stress filed)d F&3 kel U313

H9 Y 20)dA BHe utet ol £XAHQ stAMNMAEA F2E] HAME Ay A v S
Cao®t 3t3t S u7lUF 9 Cee?t vl TR0 X34 2 Zy¥4Y ZAFdA By FXo] Hd 7
AWert o] AFS FFHLE X7 wiEoltt 1Y 7oA %ol Ede A%l Ay AdHo
Zgste 59 AME FE 2] W&ol gk gAYt Fe FEste ad dF S HR2o x¥
HE CoeZt W9 T3tk wabA std AERD)9 ZFEeFAM Coed T HE HAEVNAY] H=2
2 7tA 3 A gt 9199 Mk (high sress zone, Sp)olA Al &ste] Bl WA (low stress zone, S’
7hA19] g8l 2 5)% 2ot 4Z4 F&¥ WP Us = W 159 uis) F 109 4= Wt

=S & F AHn=10).

S _
S' exp

n

2006tan ¢’ (5)

283 " Ao #gste HadH (P B 052 Tl A A B otdld 4 (6)F Zeol AE

g %+ 9o

0’ 1(ag)
- (6)
erxp 2nAOtan

(07 3) smrp=Py=

Q7NN K= SEEA (= i—f:}—ggﬂ
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P characteristic -
dominated by pile /.
-t
.: :. "
=
l-."
Cas —D
. Isatropic (or 2
P characteristic dead) zone /v‘/ A% a characteristic
dominated by tunnel X o due 3 dominated by pile
Yy to pile
7y \\ 4
c,' due .
© 1tunnel Cdc : Common area
B 5
Tunnel P=c 6

7

8
10(m) 9 a characteristic
E dominated by tunnel

29 7 HY-F-HES AT SANEY A

4,

0z

Hldl| & ¥ (upper bound)

FAAAHE FH oz 7153 33 v 7Y & (kinematically admissible failure mechanism)& 7} 3l
7t d(virtual work)® HeE ©FIe 2HLE HE T HAolth ol HT WYL
Drescher & Detournay(1993)2} Davis & Selvadurai(2002)°] 2|3 1% =it}

FANAHAA AEF AG I Fo] dANNEY EALEHEI} FAY BEHE VA UE
o, Aol 7w AE LS 7 °‘E}(Lee 2004). 19 8(a)-4 AdgA ot EFLS ¢ 28 2(c0)% =
° fAE ERS AT &

3 itk 19 8(b)e] WY
7l 2AAA 9L = T :

FANAYA s AN WEE RES % 3t7] upath A A3 BE #HAd ZRste A o
g2 129kPaoltt. 1® 9olX = AANA, stANA 2 FA&HA AAE vuEdnt. FAH A o
FAd N8 Lee(2000)& F&x3t7] uidtth, FA Mo lojA ded FAGES A ¥kQ A (critical
soil element) HFLAGF | stF7 HESH 02 A% TS AHo R wevdn & 5 o, He
o] FASF HAT BEZEHOE AT Anke AFH &H(Vo)o] F7HEFE(Hdo] g HI), +
XY Adade FANAHAA 2L 129kPasl R 7 H‘: Ag ®BoFEo

>}LJ’£‘°—1

U
=
Ef( dlsplacement vector) 1“@ A HEo] W9 Q49 FHIAL grE A
Kol
=

o} = 01
=
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(2)

"Dead" block
(low or no strain)
X

(b)

a9 8 HY-F-62E A AAsHAHe] & (a) kinematically admissible upper bound
mechanism; (b) correspondent displacement diagram

20 4

"

154 & Note:0"3 for FE data
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-85 -



5. d&

SHd-A-e e 285 ol S49 A4 S boundary value problem)eh & & Atk A
AAE71ES olgd Qe ANEFAYol e &9 AFFu} WIS doly a: FAHY At
=1 ﬁP%‘ﬁi FExAE UEFe &9 o(stress field) 225 HAd-Xd-EHEAF A A H(

93, H¥o $HoZ 5@ AW HAdAIES VOB e FARY

A8 A (bound solutions)S N3l =9E oj4ste A w74 E(shear failure mechanism)o)
TS A (FEA) 2 AU EHHY(laboratory model test) S ZHE 42 ZAxs} & dxgd ARz RE &
=AM AAE - FARHNEL RL-AR-HAY FEAF EAE HMst=d AN G "o“ﬁ
22 dudn. WA o A - sANY L AFAM 53], AAHE Awta @A dGdd] Ao
HE S 23 25 TAse dd-Aw-ed 43AF A F&3tA H82 & A& RelH, F
AN AFstedE aHHor AHLE  JU& Aoz Hyodr
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(2) Work done (Z(WV xAS)) by pile working load ®r) and soil self weight ()
P14 8N’ y=20kN/; L oo ~0.675m

Block Area Area w AS AS VinAs
mm? (7 1) mmy | (ey it -my
Pw 1875 0.001875 0.7 o 0.0500 0.0135000
A £00.105 { 0.000500105 | 0.0007502 50 0.0500 | 0.000037S
8 1001,8764 | 5.0010015879 | 0.0015028 4069 05.04067 0.6000611
[ 296.2179 | 0.001256218 | 0.00 18343 78.57 .0800 .0001507
D €1.50558 { 0.000361507 | 0.0005423 | -37.1563 -0.0372 | -0.6600201 |
X 40285722 { 0.004023573 | 0.0060444 7884 0768 0004644
E 4570668 | 0.000746707 | 0.001120 i 0500 | 0.0000580 |
F 1022 8358 | 0.001022836 | 0.0015343 70.42 0.0704 £.0001080 |
G 2204671 | 0.000220467 | 0.0003307 | 476.9538 0.4770 0.0001577
T WxASx 0.0145154

Nate: W=P xdrea; W=pd yxirea; AS=diplacement

(b) Sum of tunpel pressure (XPg)

Ly xLaex
Po Ly Ly Lr % Lase 25 AS AS
(HImA2) [ (mmy {m} [ {mm) () {m3)
PoC | 258819 00258819 00015411 120.55] 01206 0.000234
PoD 50 0.05| 000375 -50.8687 | -0.0509 | -0.0002408

PoF 382683 | 0.03826%3 | 00026701 | B80.0432 | 0.0800 G.0002237

PoG 38.2683 | (.0382683 | 0.0023701 | 349.7276] 0.3487 4.0010023
Po= 00011267 Po

Note: L ;=tunnel wall length (m)

(c) UB solution for A+2
XWxA9=3P,
Pr=12.883Kpa
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